One Sentence Summary: Mimicking aspects of the cellular, biochemical, and mechanical environment during early limb development, chondrogenically-primed human mesenchymal stem cell condensations promoted functional healing of critical-sized femoral defects via endochondral ossification, and healing rate and extent was a function of the in vivo mechanical environment.
Introduction
Endochondral ossification is an indirect mode of bone formation that occurs during long bone development and natural fracture repair whereby mesenchymal progenitor cells form a cartilage anlage that is replaced by bone (1, 2). In both development and repair, mechanical cues are essential for proper endochondral ossification. For example, experimental fetal paralysis significantly decreases bone mass in ovo (3) and motion in utero is important for normal bone and joint development (4) . Likewise, during fracture repair, the amount and mode of interfragmentary strain determines whether a fracture will heal through endochondral or intramembranous ossification (3, (5) (6) (7) (8) (9) (10) (11) . Though bone fractures heal with 90-95% success rates by forming a cartilaginous callus (12) (13) (14) , large bone defects greater than 3 cm in length cannot form a callus and exhibit high complication rates, representing a significant clinical burden (15) .
Current standard treatments for large bone defects include autologous bone grafting and delivery of high-dose recombinant human bone morphogenetic protein-2 (BMP-2) soaked on a collagen sponge carrier; however, these treatments are limited by donor-site morbidity and ectopic bone formation, respectively (16, 17) .
Cell-based tissue engineering strategies may provide a promising alternative to bone grafts. One proposed strategy combines osteogenic/progenitor cells with materials that mimic the structural properties of mature bone. However, poor cell engraftment and viability due to insufficient vascular supply limit the efficacy of osteogenic cell delivery (18) (19) (20) (21) , and the rigidity of mature bone matrix-like scaffolds can impede stimulatory mechanical loads (22) . An alternative strategy is to seek to mimic the process by which bone tissue forms during development, namely endochondral ossification (23) (24) (25) (26) (27) (28) (29) . As the cartilage anlage is mechanically compliant, avascular, and capable of naturally recruiting neovasculature and endogenous progenitors and osteoblasts, this approach may overcome key challenges for the regeneration of challenging bone defects. Here, we sought to recapitulate the (1) mesenchymal condensation, (2) sequential morphogenetic cues, and (3) mechanical cues that mediate developmental endochondral ossification for regeneration of critical-sized bone defects in adult rats.
Mesenchymal cell condensation and chondrogenic differentiation in the developing limb bud are regulated by sequential morphogenic signals, including TGF-β (30) and BMP (31) , which mediate cell condensation and induce the master chondrogenic transcription factors SRYBox (SOX) 5, 6, and 9 (32, 33) . Recent studies have shown that avascular cartilage templates derived from hMSC aggregates are capable of progressing through endochondral ossification (25, 26, 29, (34) (35) (36) (37) , producing mineralized matrix, vasculature, and a bone marrow hematopoietic stem cell niche (38) , but these required extended pre-culture with exogenous growth factors in vitro for chondrogenic priming. To address this problem, we developed scaffold-free hMSC condensations, formed through self-assembly of cellular sheets incorporated with TGF-β1-releasing gelatin microspheres for in situ chondrogenic priming. These formed robust cartilage tissue in vitro (39) and induced endochondral bone defect regeneration after implantation in vivo (40) . Further, sustained individual or co-delivery of BMP-2 in hMSC condensations induced both chondrogenesis and osteogenesis in vitro (41, 42) and endochondral regeneration of calvarial defects in vivo (27) . Local morphogen presentation circumvents the need for lengthy exogenous supplementation of inductive signals and enables in vivo implantation of the cellular constructs in a timely and cost-efficient manner, thereby providing a promising system to investigate the progression of mesenchymal condensation through endochondral ossification in vivo.
The mechanical environment considerably influences bone development, homeostasis, and regeneration (3, (5) (6) (7) (8) (9) (10) (11) . To investigate the roles of mechanical cues in large bone defect regeneration, we developed a critically-sized rat femoral bone defect model in which ambulatory load transfer can be controlled by dynamic modulation of axial fixation plate stiffness (40, (43) (44) (45) . We previously showed that load initiation, delayed to week four (after the onset of regeneration and bony bridging), significantly enhanced bone formation, biomechanical properties, and local tissue adaptation mediated by BMP-2-releasing hydrogels (43) (44) (45) .
Recently, we showed that in vivo loading of engineered hMSC condensations, containing TGF-β 1-releasing gelatin microparticles, restored bone function through endochondral ossification (40) .
However, these studies focused on single morphogen presentation, and bone development features an intricate and tightly coordinated sequence of both morphogenetic and mechanical cues. Here, we investigated the combinatorial roles of controlled temporal presentation of TGF-β 1 and/or BMP-2, to mimic events in the developing limb bud, with in vivo mechanical loading.
To control local morphogen presentation, we engineered mesenchymal condensations incorporated with gelatin or mineral microparticles for local release of TGF-β1 to drive chondrogenesis and BMP-2 to promote remodeling of the cartilaginous anlage to bone, respectively. To regulate in vivo mechanical conditions, we dynamically modulated fixation plate stiffness, altering ambulatory load-sharing. We found that morphogen co-delivery and in vivo mechanical loading combinatorially regulated bone regeneration and directed ossification mode, with combined treatment inducing full functional restoration of bone mechanical properties.
Results

Effects of in vivo mechanical loading on autograft-mediated bone regeneration
Previously, we (40, 44, 45) and others (46, 47) , found that in vivo mechanical loading can enhance the regeneration of large bone defects. First, to test whether loading can enhance autograft-mediated bone regeneration, we treated critical-sized (8 mm) defects in Rowett nude (RNU) rat femora with morselized cortical bone autografts in two groups: control (stiff fixation plates) and delayed loading (compliant plates, unlocked to allow ambulatory load transfer at To this end, we compared the bone formation capacity of BMP-2-containing mesenchymal condensations with either autograft or BMP-2-loaded collagen sponge controls, without mechanical loading (i.e., stiff fixation). hMSC condensations were assembled with mineral-coated hydroxyapatite microparticles for in situ controlled presentation of 2 μ g BMP-2 (27, 41, 42, 48, 49) . The BMP-2/collagen group received the same dose of BMP-2 (2 μ g), adsorbed onto lyophilized collagen sponges, and the autograft group featured morselized cortical bone.
High-resolution ex vivo microCT analysis was performed at week 12 to evaluate bone formation and architecture. Both BMP-2/collagen and morselized autograft produced significantly greater bone volume fraction and trabecular number, and smaller trabecular separation compared to BMP-2-containing hMSC condensations (Supplementary Figure S2A -E).
However, ectopic bone formation (i.e., bone extending beyond the 5-mm defect diameter) was significantly greater in defects treated with BMP-2 delivered on collagen compared to BMP-2-containing hMSC condensations (~3-fold) or autografts (~4-fold; Supplementary Figure S2A ,F).
While the development-mimetic mesenchymal condensations induced bone formation with less ectopic bone than BMP-2/collage, their ultimate regenerative capacity was inferior.
Controlled combinatorial morphogen presentation with in vivo mechanical load transfer
However, natural bone development and fracture repair occur through endochondral ossification in response to combined chondrogenic, osteogenic, and mechanical cues. Therefore, we hypothesized that these factors would be required in a combinatorial fashion to induce bone regeneration in manner that reproduces natural bone formation. To this end, we next treated defects with hMSC condensations containing local presentation of TGF-β1 and/or BMP-2, with or without in vivo mechanical loading.
We previously showed that delayed in vivo mechanical loading, initiated at week 4 by compliant fixation plate unlocking, moderately enhanced (18%) bone regeneration by cell-free hydrogel-delivered BMP-2 (44, 45) and substantially enhanced (180%) endochondral regeneration by TGF-β1-incorporated mesenchymal condensations (40) . Here, we investigated the interactions of mechanical loading with morphogen presentation. TGF-β1 was presented in gelatin microparticles for early release and BMP-2 from hydroxyapatite microparticles for sustained release (39) Three morphogen conditions were evaluated: human mesenchymal condensations with empty microparticles (empty controls), condensations with BMP-2-releasing microparticles, and condensations with BMP-2 + TGF-β1-releaseing microparticles. Each was implanted in vivo with either stiff plates as (control) or compliant plates unlocked at week 4 (delayed loading), for a total of six groups (Table 1) . 
In vivo radiography and microCT analyses
Longitudinal X-ray radiography and microCT analyses were performed at weeks 4, 8, 
Restoration of mechanical bone function
Next, we evaluated the restoration of limb mechanical properties by torsion testing to failure at week 12, in comparison to age-matched intact femurs. BMP-2 + TGF-β1-containing hMSC condensations enhanced stiffness and failure torque compared to controls. Mechanical loading did not significantly alter mechanical properties compared to corresponding stiff plate controls for each group, but significantly increased the mean polar moment of inertia (a measure of structural cross-sectional geometry) and fully restored functional mechanical properties in the BMP-2 + TGF-β1 group ( Figure 3A -C), with statistically equivalent torsional stiffness and maximum torque at failure compared to age-matched intact femurs ( Figure 3A ,B cf. gray band).
To identify the key structural predictors of mechanical behavior (50) Thus, the mechanical properties were determined by the amount, distribution, and trabecular organization of the regenerate bone.
Together, these data indicate that restoration of biomechanical competence was dependent on the identity of presented morphogens and induced full functional repair only by dual morphogen presentation with in vivo mechanical loading. 
In vitro signaling and differentiation analyses
We hypothesized that the cellular organization into condensations and the developmentmimetic morphogen presentation would induce endochondral bone formation. TGF-β superfamily ligands bind to type I and II serine/threonine kinase receptor complexes and transduce signals via SMAD proteins (52) . In the developing limb, TGF-β signaling has been shown to occur early during the chondrogenic cascade, prior to the BMPs (30, 32, 33) . Further, a recent study proposed that transient activation of the TGF-β pathway may be required to promote a chondrogenic response to BMP signaling during later stages of chondrogenesis (53) . Therefore, we next tested the effects of combinatorial morphogen presentation on chondrogenic and osteogenic activity of the mesenchymal condensations in vitro. As prepared for in vivo transplantation, TGF-β1 was presented in an early manner by release from gelatin microspheres, while BMP-2 was released in a more sustained manner from mineral-coated hydroxyapatite microparticles. 
In vivo tissue differentiation and composition
Next, to test the combinatorial effects of morphogen presentation and mechanical loading on local tissue differentiation, endochondral lineage progression, and matrix organization in vivo, we performed histological analyses of defect tissues at weeks 4 and 12. Control condensations exhibited predominantly fibrous and adipose tissue spanning the defects, and bone formation was apparent only capping the diaphyseal ends (Figure 5A,B; Supplementary Figures S7,8A,D (Fig. 5B) .
Together, these data suggest that, though both BMP-2 and BMP-2 + TGF-β1 induced chondrogenic priming prior to implantation, endochondral ossification in vivo was apparent only in groups with TGF-β1 co-presentation. Further, in vivo mechanical cues potentiated cartilage formation and prolonged endochondral ossification. 
Discussion
The aim of this study was to replicate the cellular, biochemical, and mechanical environment present during limb development for functional regeneration of large segmental bone defects. Specifically, we used (i) engineered mesenchymal condensations formed by cellular self-assembly, which contained (ii) microparticle-mediated growth factor presentation to activate specific morphogenetic pathways in situ, and which, upon implantation, were exposed to (iii) in vivo mechanical loading. We tested the hypothesis that TGF-β1 and/or BMP-2 presentation from encapsulated microparticles within engineered hMSC condensations would promote endochondral regeneration of critical-sized femoral defects in a manner dependent on the in vivo mechanical environment. While both BMP-2 and BMP-2 + TGF-β1 presentation induced chondrogenic priming at the time of in vivo transplantation, endochondral ossification was apparent only in the dual morphogen group and was enhanced by mechanical loading.
Specifically, in vivo ambulatory mechanical loading significantly enhanced the rate of bone formation in the four weeks after load initiation in the dual morphogen group, improved bone distribution in the callus, and fully restored mechanical bone function. In contrast, mechanical loading had no effect on bone regeneration in control groups without morphogen presentation, and likewise had no effect on autograft-mediated repair.
Multiple reports have described self-assembled hMSC condensations to form cartilage templates that can undergo hypertrophy and progress through endochondral ossification in vivo (25, 26, 29, (34) (35) (36) (37) . In these studies, chondrogenic priming was achieved by means of exogenously supplied morphogens, requiring in vitro pre-culture of 3 weeks and longer (25, 26, 29, (34) (35) (36) (37) . This requires time and associated costs and limits the precision of morphogen spatial distribution control. Further, few studies to date have achieved function-restoring bone formation in orthotopic models using this strategy (28, 29, 54) . We previously demonstrated that sequential in situ morphogen presentation to hMSC condensations, utilizing mineral-coated hydroxyapatite microparticles (49) and crosslinked gelatin microspheres (39) to control the bioavailability of BMP-2 and TGF-β1, respectively, facilitates both chondrogenic and osteogenic differentiation in vitro (41) , and promotes calvarial bone regeneration via endochondral ossification in vivo (27) .
Here, we show that this spatiotemporally controllable and localized morphogen delivery strategy, inspired by early limb development, eliminates the need for time-and cost-ineffective predifferentiation of the cellular constructs and achieved mechanically-functional regeneration without the ectopic bone formation associated with BMP-2/collagen.
In addition to their efficacy in morphogen presentation, the condensations facilitated endochondral healing by providing a non-structural, immature intermediate, much like a callus in fracture healing or cartilage anlage in limb development. We showed previously that structural scaffolds that mimic the material properties of mature bone shield tissue from the stimulatory and beneficial effects of mechanical load during healing (22) , suggesting that having a flexible intermediate structure is more suitable graft material for mechanical regulation of bone regeneration. Here, we found that in vivo mechanical loading via compliant fixation exerted stimulatory effects on defect healing, particularly in the period of plate actuation (4-8 wks), which resulted in complete functional bone regeneration, i.e., restoration of biomechanical competency comparable to un-operated, intact controls. These data indicate the importance of morphogen presentation for stem cell-mediated regeneration of bone defects, and potentially imply that the high stiffness of autograft bone may interfere with load-induced bone formation.
Compressive interfragmentary motion is necessary for cartilaginous callus formation and endochondral ossification during fracture healing (9, 55) , and here the presence of growth platelike cartilage structures, exhibiting zonal organization of mature and hypertrophic chondrocytes embedded in marrow-containing trabecular bone, suggests that BMP-2 + TGF-β1-containing hMSC condensations facilitated defect healing chiefly through endochondral ossification. This was consistent with a recent study demonstrating that a chondrogenic response to BMP-4 is dependent upon transient activation of TGF-β signaling in the early limb bud (53) . In vitro analysis confirmed robust chondrogenic priming of the cellular constructs at the time of surgery.
While this was also the case with BMP-2-only presenting condensations, upon defect implantation these constructs stimulated overall inferior bone regeneration compared to dual morphogen groups independent of the in vivo mechanical environment, and in a manner akin to intramembranous ossification that was consistent with previous reports (44, 45, 47) .
Nevertheless, no ectopic bone formation, as seen with BMP-2 soaked on collagen at ~2 µg (56), was observed, similar to autografts as the other clinical standard we initially tested our technology against. This suggests an improved safety profile in the context of BMP-2 delivery from scaffold-free, self-assembled cellular constructs.
In conclusion, this study presents a human progenitor cell-based bone tissue engineering approach that recapitulates certain aspects of the normal endochondral cascade in early limb development. Implantation of chondrogenically-primed high-density cellular condensations, achieved through in situ morphogen presentation rather than lengthy pre-culture, in large bone defects that would otherwise not heal if left untreated, re-established biomechanical competency in limbs stabilized with custom compliant fixation plates with elective actuation at 4 weeks, after stable fixation to initiate bone regeneration. Further studies may elucidate the role of elective actuation timing in this regenerative strategy. Our findings are of clinical relevance and advance the current understanding in the growing field of developmental engineering. Furthermore, the system described herein can be used to study the complex biophysical mechanisms that govern tissue regeneration in health and disease.
Materials and Methods
Study design. The objective of this work was to mimic the cellular, biochemical, and mechanical environment of the endochondral ossification process during early limb development via in situ morphogen priming of high-density hMSC condensations and controlled in vivo mechanical cues upon implantation in large bone defects. We employed the established critical-size rat femoral segmental defect model in 12-week-old male Rowett nude (RNU) rats with custom internal fixation plates that allow controlled transfer of ambulatory loads in vivo. The sample size was determined with G*Power software (57) based on a power analysis using population standard deviations and estimated effect sizes from our prior studies (40, 45) . The power analysis assumed (Table S1; Life Technologies, Grand Island, NY). Transcript levels were normalized to GAPDH and gene expression was calculated as fold-change using the comparative C T method (63) . 
